The coronary collateral circulation provides an alternative source of blood supply to myocardium jeopardised by ischaemia. Collaterals enlarge with obstructive coronary artery disease to allow bulk flow, but blood flow deliverable by the native, pre-formed collateral extent can already be sizeable. Genetic determinants contribute significantly to the wide variability observed in both native collateral extent and its capacity to enlarge, and the severity of the coronary stenosis is the most significant environmental determinant for collateral enlargement. The protective effect of a well-developed coronary collateral circulation translates into relevant improvements in all-cause and cardiac mortality in the acute and chronic phases of coronary artery disease, as well as into a reduction of future adverse cardiovascular events.
Introduction
Coronary collaterals are cross-connections between coronary arteries, which are present regardless of coronary artery disease (CAD) [1] . As natural bypasses, coronary collaterals provide an alternative source of blood flow to a myocardial area when normal antegrade supply is compromised. In the presence of arterial stenoses, the process of collateral remodelling leads to a gradual calibre increase of the collateral vessels, allowing the effective delivery of bulk flow to jeopardised tissue [2] . Conversely, the collateral network in the absence of obstructive coronary artery disease represents the native collateral circulation, pre-existing in the absence of coronary narrowing. Contrary to popular belief, blood flow deliverable by native collaterals can be sizeable [3] . The relevance of the coronary collateral circulation becomes eminent in CAD, which remains a leading cause of death globally [4] . In acute coronary occlusion, the extent of collateral pathways is a significant determinant of the severity of myocardial infarction [5] [6] [7] [8] . In the chronic phase of CAD, the collateral circulation variably compensates for the flow-limiting features of atherosclerosis, i.e., stenotic lesions.
The purpose of this article is to give a concise review of the salient features of the coronary collateral circulation and provide an overview of its assessment and clinical relevance.
Coronary collateral dynamics
The dynamics of the coronary collateral circulation are governed by the physical laws of pressure and flow [9] . In the native collateral network, there is an oscillatory movement of blood, as it is fed from opposing directions [1, 10] . Thus, there is typically little to no net blood flow, as blood moves to-and-fro along the length of the collateral circulation, which prevents haemostatic thrombosis. Effective flow across collaterals to jeopardised myocardium is induced when normal antegrade blood supply is compromised -the collaterals are recruited ( fig. 1 ).
Figure 1
Lifecycle of the collateral circulation. The native collateral extent in the adult is determined by its formation in embryonic collaterogenesis (top right). Blood moves to and fro in native collaterals, while effective flow is recruited by acute obstruction. With continued obstruction, there is collateral enlargement, which occurs independent of ischaemia. Neocollateral formation has been suggested in chronic obstructive disease, whereas experimental studies have shown collateral rarefaction with aging. 
Collateral remodelling and its relation to the phases of coronary artery disease
Collateral remodelling is a mitotic process which takes two to three days before a relevant increase beyond the acutely recruitable blood flow begins to occur [2, 3, 16, 22] . The proliferation of endothelial and smooth muscle cells with perivascular gathering of bone marrow derived cells (notably macrophages and T cells) is followed by controlled destruction of the collateral vessel to build a new scaffold for the much larger vessel [3] . In the process of many remodelling collateral connections, a larger diameter in some collaterals presents an advantage in the ensuing competition for flow. As a consequence, only a few collaterals ultimately reach maturation, while many others are closed by an overshoot of intimal proliferation -a process known as pruning [2, 23] . In patients with chronic total occlusion (CTO), collateral function improves over a time period of 12 weeks after occlusion [24] , which is in line with observations in experimental studies [25] . The collateral remodelling in these patients typically relates to chronic stable CAD in a setting of a more or less gradual progression of coronary obstruction, which allows sufficient time for the growing collaterals to preserve myocardial viability. In patients with acute coronary occlusion, the timeframe for insufficient collaterals to remodel (further) is generally too short. Plaque rupture is the most common cause of acute coronary syndromes, which, when followed by atherothrombosis, leads to rapid and insidious thrombotic occlusion [26] . In this context, it is of note that most of the coronary lesions ultimately responsible for major adverse cardiovascular events (MACE) have been shown to be angiographically mild [27] . Therefore, the culprit lesion itself is unlikely to cause relevant collateral remodelling [27] [28] [29] . In the absence of stenosis-induced enlargement, the protective effect from acute ischaemia is entirely dependent on the extent of the native collateral network. Therefore, the notion of the native collateral circulation is pertinent not only in the healthy state, but also in coronary artery disease (CAD). Notably, myocardial viability is not a prerequisite for the remodelling of coronary collaterals [31, 32] . Thus, well-developed collaterals can be observed to grow only after its dependent myocardium has become entirely necrotic, again consistent with the notion that collateral growth can occur independently of ischaemia.
Genetic and environmental determinants of the coronary collateral circulation
The wide interindividual variability in coronary collaterals is evident not only with regard to the preformed extent, but also with regard to its capacity to remodel. Specifically, the extent of native collaterals relates to the formation and maturation of collaterals in early life [30] , whereas collateral remodelling takes place generally much later (most often under the influence of coronary obstruction). In experimental studies, the use of different animal models permits these aspects to be studied also in healthy tissues, which allows genetic factors to be separated from environmental influences. Conversely, the protective role of collaterals becomes eminent chiefly in CAD, the risk of which increases with the number and severity of cardiovascular risk factors. Accordingly, the impact of the risk factors predisposing to atherosclerosis has to be considered, too [31] .
Severity of coronary obstruction
The presence of a haemodynamically significant stenosis is the sine qua non for the calibre increase of collaterals in remodelling. The severity of the flow impediment dictates the pressure drop, which in turn determines the amount of shear stress in recruited collaterals, with higher shear stress leading to more pronounced remodelling. Consequently, in patients with CAD, the severity of the underlying arterial obstruction has been found to be the only independent predictor for good collateral function [32, 33] . Furthermore, collateral flow was found to be higher in CTO than in nonocclusive obstructions [24, [34] [35] [36] [37] [38] . The effect of continued remodelling is well illustrated by the frequency distributions of collateral function with increasing severity of the underlying CAD ( fig. 2) [32, 39, 40] . Although sufficient collaterals are already present in a significant minority of patients with angiographically normal coronary arteries [39] , with CAD there is a rightward shift of the near-Gaussian distribution, which increases from one-to three-vessel disease and is most pronounced in CTO ( fig. 3) [40]. However, there is still considerable interindividual variability in the level of collateral function for a given stenosis severity, which highlights the modulation of the arteriogenic response by other factors [36] .
Determinants of coronary collateral supply in the absence of remodelling
The structural extent of native collaterals varies significantly between individuals, with respect to both number and average diameter [41] . Likewise, in healthy human subjects, invasively determined collateral function varies by 10-fold in the absence of angiographically detectable CAD [32, 40] . A plausible explanation for this marked variation is the lack of selective pressure in the genetic background underlying native collateral extent, which relates to genes that control formation and maturation of collaterals [30, 42, 43] . In other words, redundancies that compensate for significant changes in expression of collateralogenic genes have not evolved because the protective effects are needed only well after the peak reproductive years [44] . In experimental studies, significant advances have been made with regard to the genetic architecture underlying variation in the extent of the collateral circulation [43] . A substantial amount of the variability appears to arise from naturally occurring polymorphisms in genetic loci directing the formation of the collateral circulation [30, 43, 45] . In particular, a quantitative trait locus predominantly affecting native collateral number and diameter has been identified in mice [43] . In the same context, several genes showed differential expression for well versus poorly developed collateral function in patients with no angiographically significant CAD [46] . Although the genetic determinants appear to have a major influence on the extent of native collaterals, clinical variables have also been identified. In patients free of coronary stenosis, multivariable regression analysis with inclusion of 39 clinical test variables notably showed that bradycardia (not related to beta-blockers) and absence of arterial hypertension were independent positive predictors for collateral function [47] .
Determinants of arteriogenic response
As mentioned previously, differences in the genetic background for collateral formation and maturation contribute significantly to the considerable interindividual variation in the pre-existing collateral extent [48] . By the same token, another genetic pathway has been found to significantly determine the remodelling capacity of the native collateral extent [43] . Similarly, marked variability has also been observed in the arteriogenic response, that is, the extent of remodelling. This is well illustrated by experimental studies where, although the arteriogenic stimulus in the form of total vascular occlusion is kept as a constant, the arteriogenic response has been found to vary substantially even in same strains. In humans, gene expression analysis has shown that a distinct genetic profile in monocytes relates to quantitatively determined collateral function in obstructive CAD [46] .
Apart from the marked variability in both native collateral extent and capacity to remodel, another consistent finding is that a poor arteriogenic response is also associated with poor native collateral extent [17, 46, 47] . Indeed, animals with poor pre-existing collaterals reach significantly lower levels of collateral function after arterial occlusion compared with animals with good pre-existing collaterals both within, as well as between, strains. Although this observation may be consistent with a genetic link influencing both maturation and remodelling of collaterals, such an association has not been found. Then again, on a conceptual basis, such an assumption appears superfluous, given the plausibility that the pre-existing collateral extent presents a limiting factor for its enlargement in remodelling. In other words, a poor native collateral circulation itself appears to be a limiting factor for its later positive remodelling, in that the extent of flow recovery reaches levels inferior to that from a rich native collateral network [48] . Thus, the preexisting collateral extent determines critically the degree of protection from ischaemic injury not only in the absence, but also in the presence of collateral remodelling, in that it also governs the capacity for outward remodelling in the latter [16, [48] [49] [50] [51] .
Influence of traditional cardiovascular risk factors
In the majority of cases, coronary atherosclerosis coincides with one or more cardiovascular risk factors. Given that endothelial dysfunction is a well-established response to cardiovascular risk factors, it is conceivable that the collateral circulation might equally be affected. Notably though, collateral arteries and arterioles do not seem prone to atherosclerosis [6] . Dyslipidaemia has been shown to hamper arteriogenesis in hyperlipidaemic experimental models [52, 53] . Contrarily, no evidence exists for such an effect in humans: dyslipidaemia has not been found to be an independent predictor for quantitatively determined collateral function in patients with or without CAD [32] . Furthermore, in a large clinical study in patients with CAD, no effect of statins on coronary collateral function was found [54] . Arterial hypertension is reflected in the tortuosity and enlarged calibre of arteries, secondary to an adaptive response to increased shear stress [55] . Two clinical studies in patients with obstructive CAD found conflicting results in this regard, but both were limited in that occlusion of the collateral-receiving artery was not uniformly present or performed for appropriate angiographic assessment [56, 57] . In patients with CTO with quantitatively assessed collateral function, hypertension was a predictor for better developed collaterals in a multivariate analysis. In the human heart without CAD, the contrary has been found to be true: better collateral function in the absence of arterial hypertension [47] . Increasing age is a well-known risk factor for atherosclerosis. Structural alterations with advancing age are accompanied by a decline in vascular function [58] . However, its impact on the collateral circulation is equivocal. Experimental studies have documented a decline in structural extent of pre-existing collaterals, which is compounded by reduced remodelling [51] . A possible mechanism has been suggested to be the unique haemodynamic environment with oscillatory shear stress that could predispose the collateral circulation to accelerated aging compared with the general circulation. Alternatively, or in addition, impaired endothelial nitric oxide signalling, deemed to be an important factor for maintenance of collateral density, as well as remodelling in obstructive disease, has been implicated in the increased propensity of endothelial cells to undergo apoptosis and thereby cause collateral rarefaction [51, 59] . Clinically, a causal link between increased mortality of elderly individuals in acute myocardial infarction and reduced collateral extent could be supported by the inverse relation between age and the level of angiographic collateral extent seen in these patients [60, 61] . However, the clinical association of higher mortality in ischaemic cardiovascular disease and poorly developed collaterals has not been shown to be independent. In a univariate analysis of a large database including quantitatively determined collateral function, only a trend towards the described inverse relation was seen [37] . Furthermore, in a pooled analysis of patients with a CTO and quantitatively determined collateral function, an association between higher age and poorly developed collaterals could not be confirmed [38] . In essence, although experimental data are consistent with an age-associated decline in collateral extent and remodelling, on balance, age is probably not a major determinant of collateral function in humans. No differences have been found in quantitatively determined collateral function among matched patients with versus without diabetes in angiographically normal or diseased coronary arteries [62] . Furthermore, in a patient cohort with CTO, a multivariate analysis confirmed these findings [38] . Earlier controversies in this context are likely attributable to the above-mentioned methodical flaw in angiographic assessment [63] [64] [65] .
Assessment of the coronary collateral circulation
An accurate assessment of the coronary collateral circulation requires normal antegrade and collateral blood flow to be distinguished. In the absence of a coronary stenosis there is essentially no measurable net blood flow across pre-formed, but not recruited collaterals. Conversely, in the presence of nonocclusive disease, the contribution of normal antegrade blood flow cannot be differentiated from the recruited blood flow via the anastomotic pathways. Therefore, for exclusive characterisation of recruitable collateral blood flow, (transient) coronary occlusion is required, regardless of the method employed [66, 67] . Accordingly, noninvasive imaging techniques are limited to the remodeled collateral circulation supplying chronic total coronary occlusions [66] . Conversely, invasive techniques, i.e., during coronary catheterisation, permit an assessment of both the native and remodelled collateral circulation. Different modalities allow evaluation of the ischaemiaabating function of coronary collaterals. Abnormalities in distribution and quantity of myocardial blood flow are the earliest pathophysiological events in myocardial ischaemia [67] . Imaging techniques that measure perfusion are therefore most distinctive in collateral assessment, given that sufficient collaterals may prevent even stress-induced ab- normalities occurring later in the ischaemic cascade [68] . Only a critical reduction in perfusion leads first to an impairment of diastolic, then of systolic function, followed by electrocardiographic (ECG) changes and ultimately by symptomatic expression (angina pectoris). Commonly employed imaging techniques that delineate coronary anatomy allow only a very limited structural assessment of coronary collaterals, given that most collaterals are below their spatial resolution and therefore go undetected.
Noninvasive assessment
Clinically, myocardial perfusion and wall motion function are measurable notably by (myocardial contrast) echocardiography (MCE) [69] , positron emission tomography (PET) [66, 70] , single-photon emission computed tomography (SPECT) [71] , cardiac magnetic resonance imaging (CMR) [72] , and cardiac computed tomography (CT). Preservation of perfusion and, consequently, wall motion function [73] vary as a function of the underlying collateral supply and the extent and degree of coronary lesions. Similarly, for a given lesion severity, there is a continuum from a completely normal ECG under stress conditions to transient, chronic and acute repolarisation abnormalities [74] . It follows from the above considerations that collateral assessment by noninvasive techniques is most distinctive in the presence of total coronary occlusion. In nonocclusive CAD, the quality of collaterals can be gauged when comparing the extent of anatomical CAD against the observed functional consequences, i.e. the ischaemic burden. With acute coronary occlusion, a noninvasive estimate of the myocardium at risk is typically practicable only with the ECG [74] . Noninvasive coronary angiography is feasible with coronary CT angiography (CCTA) and coronary MR angiography. Compared with invasive coronary angiography, the spatial and temporal resolution achievable by these techniques remain considerably lower [75] , essentially rendering them unsuitable for structural evaluation of coronary collaterals [76] [77] [78] .
Angiographic assessment
The qualitative angiographic methods include the oftenemployed Rentrop score and the more recently introduced collateral connection (CC) grading [79, 80] . The limitation inherent to collateral assessment with angiography lies in the restricted spatial resolution, which means that the majority of the anastomotic vessels remain undetected ( fig. 4 ) [41, 81] . In addition, angiography assesses only structural qualities, from which conclusion of functional properties is notoriously imprecise, even more so in view of the above constraints [82] . For proper angiographic assessment, occlusion of the collateral-receiving artery either spontaneously, or by balloon inflation, is mandatory, even when some angiographic contrast filling of collaterals is already spontaneously present [66] . Furthermore, proper assessment by the angiographic method usually requires a double intubation technique to allow injection of contrast agent in the presumable (ipsi-and/or contralateral) donor artery and placement of an occluding balloon in the recipient artery. However, in clinical practice and even in clinical studies, balloon occlusion is rarely performed when occlusion is not spontaneously present, which lowers the sensitivity of the already blunt method. Obviously, lesser stenoses are ipso facto associated with absence of angiographic visibility of collaterals, whereas collaterals are preferentially visible with more severe stenoses. Thus, a systematic bias is introduced, where the extent of CAD confounds the grade of collateral supply. To exaggerate the point, the angiographic visibility of collaterals, when natural or transient artificial occlusion is not present, is more an indicator of the severity of the stenosis, than of the quality of the collaterals [33, 83, 84] . With the Rentrop score, absent contrast filling of collateral connections or up to the side-branch of the recipient artery denote insufficient collaterals (score of 0 and 1, respectively), while contrast filling of the epicardial main branch of the recipient artery, either partial (score of 2), or complete (score of 3) indicate sufficient collaterals. Although the Rentrop score shows (albeit moderate) correlation with functional collateral measures, it has relevant shortcomings. A major limitation is the inability of the Rentrop score to assess adequately the functional significance, i.e. the protective effect, especially of recruitable, but not spontaneously present collateral vessels [33] . Furthermore, in CTO, the Rentrop grading lacks further differentiation, as collaterals are predominantly of Rentrop grade 3 in this setting [80] . The CC score was evaluated in patients with CTO and its applicability in nonocclusive lesions has so far not been established [80] . Collaterals are evaluated according to the presence of a continuous connection between donor and recipient artery: CC0, no continuous connection between donor and recipient artery; CC1, continuous, threadlike connection; and CC2, continuous, small side branch-like size of the collateral throughout its course [80] . Regarding the clinical relevance of the CC grading, in patients without prior Q-wave myocardial infarction, the regional wall motion was best preserved with grade CC2 collaterals [80] . Furthermore, the CC score was closely associated with invasively determined parameters of collateral haemodynamics [80] . Instead of angiographic grading, assessment of collaterals by means of the semiquantitative washout collaterometry relies on the time to clearance of contrast medium trapped by balloon occlusion [85] . It correlates well with invasively determined collateral function and distinguishes accurately between sufficient and insufficient collaterals [86] .
Functional assessment
In contrast to the ordinal angiographic scores, functional assessment allows quantification of collateral pathways on a continuous scale. Apart from noninvasive imaging techniques in the setting of a CTO, direct myocardial perfusion can be measured only during invasively performed temporary coronary occlusion with quantitative myocardial contrast echocardiography (MCE) [69] . Invasively determined, quantitative measures of collateral function rely on determination of distal coronary pressure or flow velocity signals [87] . To this purpose, a coronary guide wire, equipped with a pressure and/or Doppler sensor near its tip, is positioned distally in the coronary of interest. The normal antegrade flow is thereafter temporarily blocked, either during therapeutic coronary angioplasty or diagnostic balloon occlusion at low inflation pressure, the acute and long-term safety of which has been confirmed [88] . Distal coronary occlusive pressure (P occl ) is then set in relation to aortic pressure measured via the angioplasty guide catheter, both corrected for the back pressure, represented by central venous pressure (CVP), to derive the pressure-derived collateral flow index (CFI, fig. 5 ) [87] . Similarly, distal flow velocity during coronary occlusion is compared with resting flow velocity when normal antegrade flow has been restored, to derive velocity-derived CFI [87] . Pressure signals can be reliably obtained and are robust to influences such as vessel anatomy, whereas Doppler signals are prone to wall-motion artifacts and registration of optimal signals is often not achievable [86, 87] . Pressure-derived CFI has been shown to correlate closely to myocardial perfusion during balloon occlusion as assessed by perfusion imaging and quantitative myocardial contrast echocardiography (MCE) [89] . The limitation that beyond a critical level of left ventricular filling pressure, P occl is determined solely by this transmural force and no longer by collateral driving pressure, applies in acute myocardial infarction, but infrequently in the setting of stable CAD [90] . Currently, pressure-derived CFI measurement is the gold-standard for collateral assessment. In a strict sense, sufficient collaterals have been defined as those preventing signs of myocardial ischaemia in the very sensitive intracoronary ECG during coronary (balloon) occlusion [91] . In this context, a pressure-derived CFI ≥0.217 best detects sufficient collateral supply [92] . In other words, a collateral supply amounting to more than 22% of normal antegrade flow is sufficient to prevent myocardial ischemia under resting conditions, a finding supported by a study performed with single photon emission tomography among patients with acute myocardial infarction before revascularisation [93] .
Clinical relevance of the coronary collateral circulation
The clinical relevance of the coronary collateral circulation relates to the beneficial effect of well-developed collaterals in preserving viability and function of dependent myocardium in the context of the acute and chronic manifestations of CAD. On the other hand, there are also drawbacks, which manifest preferentially in the presence of a well-developed collateral network.
Coronary steal
The microvascular resistance in the coronary territory distal to a coronary obstruction is reduced to keep resting myocardial blood flow constant. Therefore, in obstructive coronary disease, an uneven distribution of microvascular resistances develops, which forms the basis of coronary steal. The dilatory reserve in an affected territory decreases with increasing severity of the coronary stenosis and becomes exhausted at a critical point when demand is increased, such as occurs with exertion. Consequently, the flow provided to the obstructed region by antegrade (if any) and collateral inflow becomes maximal. In this situation collateral inflow becomes entirely pressure-depend- ent, as microvascular resistance cannot be further reduced. Any further reduction in the microvascular resistance in the collateral-donor territory will consequently reduce the pressure gradient driving the collateral inflow. Collateral inflow and with it the net flow is reduced beyond a critical level of hyperaemia, and myocardial ischaemia precipitated. Coronary flow to a myocardial region during hyperaemia that decreases below its resting level consequently constitutes coronary steal [94] [95] [96] . Experimental and clinical studies have shown that coronary steal is facilitated by a coronary stenosis in the collateral donor artery and well-developed collaterals. A prevalence of coronary steal in 10%-20% of patients with nonocclusive CAD [97] and a third to a half in patients with a CTO demonstrates the relevance of this phenomenon [98] [99] [100] . Clinically, coronary steal can be suspected when ischaemic symptoms can be worsened or provoked by vasodilators, such as nifedipine [65, 66] .
Regression of collateral flow and risk of restenosis after percutaneous coronary intervention
Percutaneous coronary intervention (PCI) of a coronary stenosis removes its associated resistance to antegrade coronary flow. Concurrently, the pressure gradient across the collateral network driving effective collateral flow is also diminished. In line with the experimental findings [101] [102] [103] , clinical studies have accordingly shown a regression of collateral function over time after revascularisation [35, [104] [105] [106] . Moreover, it has been shown that recanalisation of occlusive lesions was associated with a greater decrease in collateral function immediately after revascularisation compared with nonocclusive lesions [104] . Consistent with prior findings, collateral function was significantly higher with occlusive than nonocclusive CAD. Furthermore, in patients with nonocclusive lesions, a collateral recruitment could be seen with the second balloon inflation (performed immediately after stent implantation), while patients with a CTO showed acute collateral derecruitment [104, 106] . In the months following revascularisation, a further decrease in collateral function could be observed in patients without reocclusion [35, 106] . Notably, at 6 months follow-up, only 4% of patients with subtotal or total occlusions at baseline showed sufficient collaterals [35] , whereas this was observed in 18% of patients exclusively with a CTO after a mean of 5 months [106] . Incidentally, 10% of patients showed reocclusion after PCI of a CTO; in these patients collateral function was not different at follow-up when compared with the baseline value. Also in the context of prior studies [107, 108] , an association between well-developed collateral function and a risk for restenosis or reocclusion is conceivable: the sizeable collateral flow especially after PCI for a CTO could compete with restored antegrade flow and predispose to stent restenosis in a process similar to atherosclerosis [100, 101] . In view of rather inconsistent findings in prior studies, the impact of the collateral circulation on the risk for restenosis has recently been determined in a meta-analysis, integrating a total of seven studies with angiographic or functional collateral assessment [109] . Across studies, good collaterals were predictive for restenosis, with a relative risk increase of 40% (95% confidence interval 1.09-1.80, p = 0.009).
Protective effect of the coronary collateral circulation
The partly contradictory results regarding the protective effect of coronary collaterals are chiefly related to the collateral circulation being both a marker of CAD severity and a predictor of future cardiac events [5] . In other words, the positive correlation between the angiographic presence of coronary collaterals and an unfavourable prognosis in patients with ischaemic heart disease is confounded by the extent of CAD severity (explaining both) [110] . Therefore, an investigation aimed at the prognostic impact of collaterals has to correct for the severity of the underling coronary disease. On a conceptual basis, the protective effect of the collateral circulation can hardly be refuted. A major determinant of long-term survival in CAD is left ventricular ejection fraction, the preservation of which is associated with the coronary collateral circulation both in acute and chronic CAD [81, 82] . With acute ischaemia, the outcome is critically dependent on the extent of myocardial infarction, which increases with coronary artery occlusion time and with the area at risk for infarction, but decreases with increasing collateral supply [7, 111, 112] . Therefore, the beneficial effect of better developed collaterals is self-evident in acute coronary syndrome [7] . Moreover, not only is the recovery of left ventricular function after reperfused acute myocardial infarction significantly determined by the extent of collateral supply, but it is also less dependent on time to reperfusion in patients with sufficient collaterals [113, 114] . Furthermore, in patients with acute myocardial infarction, poor collaterals are related to the early occurrence of cardiogenic shock, which portends a particularly high mortality [115] . In the context of the arrhythmogenic potential of myocardial ischaemia, a clinical study has shown a protective effect of the collateral circulation on ischaemia-induced QT prolongation, whereas experimental studies primarily investigated the susceptibility to ventricular fibrillation in acute coronary occlusion [116, 117] . With chronic ischaemia, a (further) decline in left ventricular function results from hibernating and stunned myocardium [118] . Here, the not infrequently encountered case of completely normal ventricular function in the presence of a CTO exemplifies the protective effect of the coronary collateral network ( fig. 6) [24, 72] . Furthermore, it has been shown that regional LV function is directly related to the amount of collateral flow during both acute and chronic coronary occlusion [24, 119] . Concerning postinfarction sequelae, the relevant protective role of collaterals has been shown to result in a reduction of postinfarct ventricular dilatation and less ventricular aneurysm formation [7] . Regarding the impact of the coronary collateral circulation on mortality, the majority of studies have relied on angiographic assessment. A recent meta-analysis included 12 angiographic studies, as well as a large study with quantitatively determined collateral assessment [120] . The pooled study population consisted of more than 6,500 patients with stable CAD, or subacute and acute myocardial infarction. With high versus low coronary collateral circulation a significant, 36% reduced mortality was demonstrated ( fig. 7) [120]. Similarly, the latest follow-up (mean 7.3 ± 4.3 years) of a large prospective cohort with chronic stable CAD and quantitatively assessed collateral function again showed a reduction in all-cause mortality ( fig. 8) , and specifically, relevant and significant reductions in cardiac mortality and MACE ( fig. 9 ) with a well-functioning coronary collateral circulation [5] . Notably, the prediction of all-cause mortality by a well-functioning coronary circulation was independent.
Figure 6
Completely normal left ventricular angiogram (top middle and right) due to extensive collateral supply of the proximally occluded left anterior descending artery via apical branch and septal collateral by the right coronary artery (bottom). Functional assessment is performed by balloon occlusion after recanalization of the chronic total occlusion (bottom right). (Data from Seiler C. Assessment and impact of the human coronary collateral circulation on myocardial ischemia and outcome. Circ Cardiovasc Interv. 2013;6:719-28 [86] , with permission.)
Figure 7
Forest plot of risk ratios for mortality risk, stratified by type of intervention (PCI, no PCI, and thrombolysis 
Conclusions
The coronary collateral circulation is a network of preformed interarterial connections present irrespective of coronary artery disease. Genetic determinants contribute considerably to the wide variation in the extent of the native collateral circulation. Stenosis severity is the single most important environmental determinant for its enlargement in CAD. Accurate collateral assessment requires an invasive approach, with pressure-derived CFI measurements currently being the gold standard. In patients with CAD, a well-functioning coronary collateral circulation is independently associated with a reduction in infarct size, left ventricular dysfunction and cardiovascular events, which translates into a relevant improvement in survival. (19) :1408-14 [5] , with permission from BMJ Publication Group Ltd.)
Figure 9
Cumulative survival rates related to cardiac mortality (left panel) and to major adverse cardiac events (right panel) in patients with low and with high collateral flow index (CFI 
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Figure 1
Lifecycle of the collateral circulation. The native collateral extent in the adult is determined by its formation in embryonic collaterogenesis (top right). Blood moves to and fro in native collaterals, while effective flow is recruited by acute obstruction. With continued obstruction, there is collateral enlargement, which occurs independent of ischaemia. Neocollateral formation has been suggested in chronic obstructive disease, whereas experimental studies have shown collateral rarefaction with aging. Immersion radiography of an ex vivo arteriogram of a normal human heart. Tissue shadows are almost eliminated by immersion of the specimen in saline. Blood vessels are radiologically demonstrated to 20 µm, a spatial resolution sufficient to reproduce the dense collateral network, over which retrograde filling of the branch of the left circumflex coronary artery doubly ligated (arrow) before contrast injection occurs. In contrast, coronary angiography does not detect the majority of anastomotic vessels due to its inferior spatial resolution. 
